Abstract. Apolipoprotein (apo) E4, the major genetic risk factor for Alzheimer's disease (AD), alters mitochondrial function and metabolism early in AD pathogenesis. When injured or stressed, neurons increase apoE synthesis. Because of its structural difference from apoE3, apoE4 undergoes neuron-specific proteolysis, generating fragments that enter the cytosol, interact with mitochondria, and cause neurotoxicity. However, apoE4's effect on mitochondrial respiration and metabolism is not understood in detail. Here we used biochemical assays and proteomic profiling to more completely characterize the effects of apoE4 on mitochondrial function and cellular metabolism in Neuro-2a neuronal cells stably expressing apoE4 or apoE3. Under basal conditions, apoE4 impaired respiration and increased glycolysis, but when challenged or stressed, apoE4-expressing neurons had 50% less reserve capacity to generate ATP to meet energy requirements than apoE3-expressing neurons. ApoE4 expression also decreased the NAD + /NADH ratio and increased the levels of reactive oxygen species and mitochondrial calcium. Global proteomic profiling revealed widespread changes in mitochondrial processes in apoE4 cells, including reduced levels of numerous respiratory complex subunits and major disruptions to all detected subunits in complex V (ATP synthase). Also altered in apoE4 cells were levels of proteins related to mitochondrial endoplasmic reticulum-associated membranes, 1 These authors contributed equally to this work. A.L. Orr et al. / ApoE4: Neuronal Bioenergetics and Proteomics mitochondrial fusion/fission, mitochondrial protein translocation, proteases, and mitochondrial ribosomal proteins. ApoE4-induced bioenergetic deficits led to extensive metabolic rewiring, but despite numerous cellular adaptations, apoE4-expressing neurons remained vulnerable to metabolic stress. Our results provide insights into potential molecular targets of therapies to correct apoE4-associated mitochondrial dysfunction and altered cellular metabolism.
INTRODUCTION
Apolipoprotein (apo) E4 is the major genetic risk factor for Alzheimer's disease (AD) and occurs in approximately two-thirds of all cases [1] [2] [3] . ApoE4 increases risk for AD and lowers the age of onset [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . ApoE4 differs from apoE3 by a single amino acid [15] , which alters the intramolecular interactions in apoE4 and increases its cleavage by a stressinduced neuron-specific protease [7, 12, 16] . The resulting apoE fragments escape the secretory pathway into the cytosol, where they engage in abnormal interactions that lead to neurodegeneration [17] [18] [19] . Although apoE fragments interact directly with mitochondria and disrupt their function [17, 20] , the extent to which apoE4 disrupts mitochondrial function and cellular metabolism in neurons remains poorly defined.
Compelling evidence links neurodegeneration to altered brain metabolism and mitochondrial dysfunction, both of which are early hallmarks of AD [21] [22] [23] [24] [25] [26] [27] [28] . Young, cognitively normal apoE4 carriers have glucose hypometabolism in brain regions affected by AD [29] [30] [31] , most likely related to early mitochondrial dysfunction. Indeed, in nondemented apoE4 carriers, the activity of mitochondrial complex IV is decreased in cortical regions susceptible to AD [32] . Mice expressing human apoE4 show deficient uptake and metabolism of glucose in the brain [33] . In neurons, apoE4 is associated with impaired mitochondrial respiration, decreased neurite outgrowth, and neurotoxicity [10, 17-19, 34, 35] . Cell-specific toxicity is the result of neuron-specific apoE4 proteolysis [7, 12] . Expression of apoE4 in mouse neurons, but not astrocytes, selectively decreases the expression of mitochondrial respiratory subunits [18] . ApoE4 also reduces the level of respiratory chain subunits in Neuro-2a (N2a) cells and impairs respiratory function [18] . The largest apoE4 fragment, apoE4 , interacts directly with mitochondria to reduce mitochondrial membrane potential and cause mitochondrial fragmentation [10, 17, 20] , possibly through direct interactions with respiratory chain complexes or secondary effects on their activity [20] . The interaction of apoE4 fragments with mitochondria is dependent on the apoE lipid-binding domain, and expression of fragments containing this domain in N2a cells results in neurotoxicity [17] . The aberrant proteolytic processing of apoE4 and consequent neurotoxicity can be blocked by treating apoE4-expressing cells with small-molecule "structure correctors," which convert apoE4 to an apoE3-like conformation and prevent apoE4 fragment generation [12, 13, 18, 19] .
Mitochondria communicate with the rest of the cell by metabolite shuttling, direct interactions with other organelles, and altered proteostasis [36, 37] . For example, the large respiratory complexes of mitochondria require balanced transcription of subunits from both the nuclear and mitochondrial genomes. In addition, the vast majority of mitochondrial proteins require import, proteolytic maturation, and delivery to the correct submitochondrial compartment [38] . Once targeted, many must be assembled into large, multi-subunit structures, some of which form "supercomplexes" [39] that are essential for mitochondrial energy metabolism [40] .
Mitochondria are also involved in neuronal redox homeostasis, reactive oxygen species (ROS) production, calcium buffering, and intracellular signaling [41] [42] [43] [44] . Moreover, direct interactions between mitochondria and the endoplasmic reticulum (ER), particularly at mitochondria-ER-associated membranes (MAM), allow direct calcium exchange between the organelles and facilitate lipid synthesis, exchange, and metabolism [45, 46] . Alterations in the integrity of MAM have been linked to processes underlying dementia [47] [48] [49] . Disruption of the communication networks between mitochondria and the rest of the cell is thought to contribute to aging and neurodegeneration [50, 51] .
In this study, we used cellular bioenergetic profiling and label-free, quantitative proteomics in neuronal cells expressing apoE3 or apoE4 to identify the metabolic machinery perturbed by apoE4 expression and the compensatory mechanisms by which apoE4-expressing cells respond to bioenergetic challenges. ApoE4-expressing neurons display impaired mitochondrial energy production and a coordinated decrease in respiratory chain subunits. These changes are associated with a lower NAD + /NADH ratio, increased ROS production, and altered calcium handling (increased mitochondrial calcium) and are countered by increased levels of subsets of other mitochondrial proteins involved in mitochondrial morphology, protein transport, and protein degradation. Our results highlight the pronounced effects of apoE4 on neuronal metabolism, which likely lead to cellular decline and susceptibility to additional stressors.
MATERIALS AND METHODS

Cell lines
Mouse neuroblastoma N2a cell lines stably expressing full-length apoE3 or apoE4 (N2a-apoE3 and N2a-apoE4) have been described [52] . N2a cells have been used extensively in our laboratory and have served as a model system that displays numerous neuronal properties, which are modulated by apoE4 versus apoE3 expression [7, 12, [16] [17] [18] [19] . Cells were cultured in minimum essential medium containing 10% fetal bovine serum (HyClone #SH30071.03), Glutamax, 1% nonessential amino acids, 1 mM sodium pyruvate, and 400 g/ml geneticin (G-418) (all from Thermo Fisher).
Seahorse-based metabolic profiling
The day before assays were done, N2a cell lines were seeded into Seahorse 96-well cell culture microplates precoated with poly-l-lysine (Sigma P4707). Wells were coated with 15 L of 0.01% polyl-lysine solution for 30 min at 22 • C and rinsed three times with 50 L of sterile phosphate-buffered saline (PBS) (Thermo Fisher). After the final wash was vacuum aspirated, cells were suspended, counted, seeded (15,000 per well) in 0.1 mL of complete cell culture medium, allowed to settle for 15-20 min at 22 • C, and incubated at 37 • C in 5% CO 2 . After 4 h, 0.1 mL of pre-warmed complete cell culture medium was added to all wells, and the cells were incubated at 37 • C for 20 h.
The next day, assay medium was freshly prepared by supplementing Seahorse XF base medium [glucose-and bicarbonate-free Dulbecco's modified Eagle's medium (DMEM); Agilent 102353-100] with 4.5 g/L glucose (Sigma G7021), 1 mM sodium pyruvate (Sigma P2256), Glutamax, and nonessential amino acids; the medium was pre-warmed to 37 • C at ambient CO 2 , and pH was adjusted to 7.4. Metabolic modulators were diluted in assay medium and loaded into a pre-equilibrated Seahorse cartridge.
During calibration of the cartridge, cells were removed from the incubator, and culture medium was replaced with assay medium by four near-complete (85%) volume exchanges with an electronic multichannel pipette set to a slow dispense rate. After equilibration for 25 min at 37 • C at ambient CO 2 , cells were loaded into a Seahorse XF96e (Agilent). Cells were assayed with a 3-min mix/3-min measure cycle for three baseline measurements followed by two measurement cycles after each addition of metabolic modulators via ports A, B, and C. The following modulators were injected: 1-4 M oligomycin A (Sigma 75351) to inhibit ATP synthase; 0.2-1 M carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; Sigma C2920) to chemically uncouple respiration from the ATP synthesis [53] ; and 5-25 M of the Na + /H + antiporter monensin (Sigma M5273) and 0.5 M antimycin A (Sigma A8674) to drive maximal glycolytic activity in the absence of mitochondrial respiration [54] . Titration of metabolic modulators was performed to ensure no differential sensitivities existed between N2a-apoE3 and N2a-apoE4 cells and that fully inhibited or stimulated rates were always obtained for each Seahorse run. Nonmitochondrial respiration was determined by adding 0.5 M antimycin A to all wells via port D.
The protein content of each well was determined by aspirating the assay buffer at the end of the run, adding 10 L of RIPA buffer (Thermo Fisher 89901), incubating the mixture at low speed on a plate shaker for 10 min, and adding 100 L of bicinchoninic acid (BCA) assay mix (Thermo Fisher 23225). Bovine serum albumin calibration standards were included in the outer blank control wells. After a 30-min incubation, BCA absorbance (562 nm) was measured with a FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices).
After subtraction of nonmitochondrial background, the oxygen consumption rate was normalized to the total protein content of each well. Basal, oligomycin-sensitive, and FCCP-stimulated respiration rates were determined as described [53, 55] . Basal and monensin-stimulated extracellular acidification rates were normalized to the protein content of each well and converted to proton production rates as described, using the reported buffering power of Seahorse DMEM [54, 55] . Glycolysis rates were estimated by correcting the proton production rates for acidification due to activity of the mitochondrial tricarboxylic acid cycle [54] [55] [56] . Rates of glycolytic and oxidative ATP production, the cellular glycolytic index, and the spare capacity for ATP production were calculated as described [55] .
Cellular NAD(H) levels
NAD + and NADH levels were measured with an NAD(H)-specific kit (BioVision K337-100) as recommended by the manufacturer. Briefly, cells on 24-well culture plates were washed with ice-cold PBS, lysed with 400 L of extraction buffer by two freeze-thaw cycles (freeze 20 min on dry ice, thaw 10 min at 22 • C), harvested into tubes, vortexed for 10 s, and centrifuged at 20,000 g for 5 min at 4 • C. Supernatants were divided for measurement of NADH+NAD + , NADH (after NAD + decomposition at 60 • C for 30 min), and protein content. Dinucleotide levels were normalized to protein content determined by BCA assay and expressed relative to the levels in N2a-apoE3 cells for each independent experiment.
ROS levels
Cellular ROS levels were estimated by flow cytometry (BD FACSCalibur, BD Biosciences) after incubation of cells with the cell-permeable ROS indicator CellROX Orange (Invitrogen C10443). Unstimulated cells grown under standard culture conditions were washed with PBS and harvested with enzyme-free cell-dissociation buffer. Cells were pelleted at 300 g for 3 min and resuspended in Hanks' balanced salt solution (Invitrogen 14025) containing 10 mM HEPES (Invitrogen 15630) and 5 M Cell-ROX Orange for 30 min in an incubator. Cells were washed with Hanks' balanced salt solution containing 10 mM HEPES, and the average fluorescence intensity of 20,000 cells was measured for each cell line.
Cellular ATP content
Total cellular ATP was measured in equal numbers of N2a-apoE3 and N2a-apoE4 cells after a 1-h incubation under conditions designed to drive ATP production from respiration with or without glycolysis and in response to differing energetic demand. To generate these conditions, basal DMEM containing l-glutamine (Gibco 11966025), but neither glucose nor pyruvate, was supplemented with 5 mM glucose (Sigma G7528) and 5 mM sodium pyruvate (Sigma P2256) to create "Basal Glycolysis + Respiration" medium; with 5 mM galactose (Sigma G0750) and 5 mM sodium pyruvate to create "Basal Respiration Only" medium; with 5 mM glucose, 5 mM sodium pyruvate, 10 M oligomycin A, and 20 M FCCP to create "Stimulated Glycolysis Only" medium); or with 5 mM 2-deoxyglucose (Sigma D8375), 5 mM sodium pyruvate, and 1 M monensin to create "Stimulated Respiration Only" medium. Monensin was used in place of FCCP in this condition because FCCP prevents ATP production by mitochondrial respiration, whereas monensin induces a strong energetic demand in the cytosol while allowing mitochondria to produce ATP through pyruvate oxidation [54] .
Nearly confluent cells were dissociated with enzyme-free cell-dissociation buffer for 3 min, diluted with cell culture medium, pelleted, and rinsed by resuspension in PBS. Cells were counted and diluted to 400,000 cells per mL with each of the four media, and 20,000 cells/well were seeded into triplicate wells of white-walled 96-well plates (ATP measurement) or clear 96-well plates (protein measurement). The ATP plate was incubated for 1 h at 37 • C in a humidified incubator containing 5% CO 2 . Total ATP was measured with a luciferasebased assay (Cell Titer Glo 2.0, Promega G9242). Assay reagent (50 L) was added to each well, cells were lysed on shaker plates for 3 min and incubated at room temperature for 10 min, and total luminescence was measured with a FlexStation 3 Multi-Mode Microplate Reader. Protein content was measured by BCA assay as described above. Protein content did not differ in equivalent numbers of N2a-apoE3 and N2a-apoE4 cells. Total ATP content under the standard condition ("Basal Glycolysis + Respiration") was the same in both cell lines; ATP content under the other conditions was normalized to the baseline level to reflect relative changes in ATP in response to differing energetic demand.
Cellular growth
The relative long-term growth rate of N2a-apoE3 and N2a-apoE4 cells under "Glycolysis + Respiration" and "Respiration Only" conditions was determined by culturing each line for 48 h in DMEM (Gibco 11966025) supplemented with 10% fetal bovine serum, 5 mM sodium pyruvate, and either 5 mM glucose (ATP generated by glycolysis and respiration) or 5 mM galactose (ATP generated by respiration only). Near-confluent cultures were passaged, resuspended in each medium, seeded at 20,000 cells per well in standard 96-well culture plates, cultured for 4, 24, or 48 h, and rinsed with PBS. The total protein content of each well was then measured by BCA assay as described above. Protein content at 4 h after seeding was unchanged, so growth at 24 and 48 h was normalized to this value for each cell line and condition.
Live cell calcium (Ca 2+ ) imaging
Ca 2+ imaging was done at 37 • C in live cell imaging solution (LCIS; Invitrogen A14291DJ) containing 140 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES (300 mOsm, pH 7.4), and 10 mM glucose. Intracellular Ca 2+ was measured with Fura-2 AM (Invitrogen F1221); mitochondrial Ca 2+ was measured with Rhod-2 AM (Invitrogen R1244). Cells were plated on 27-mm glass-bottom dishes (Nunc 150682) coated with poly-l-lysine (Sigma P4707). The next day, cells were washed twice with LCIS + glucose and incubated for 45 min with 5 M Fura-2 AM (excitation, 340/380 nm; emission, 510 nm) and 5 M Rhod-2 AM (excitation, 552 nm; emission, 570 nm) in LCIS + glucose with 0.02% pluronic acid F-127 (Invitrogen P3000MP) in 5% CO 2 at 37 • C. Cells were rinsed three times with LCIS + glucose and incubated for 15 min.
Ca 2+ imaging was done at 40x magnification on an inverted epifluorescence microscope (Zeiss Axio Observer.Z1, Carl Zeiss Microscopy) equipped with an ORCA-ER sCMOS camera (Hamamatsu Photonics). Fura-2 AM was alternately excited with ultraviolet light from a Lambda DG4 illumination system equipped with an optical splitter (Sutter Instruments). Ca 2+ was measured under basal conditions, and increases in the level and rate of change were measured for up to 8 min after the addition of 2 mM CaCl 2 or 5 M thapsigargin (Sigma T9033). The Ca 2+ influx rate was calculated by using the slope of the linear fit of the change in the ratio ( Ratio) or fluorescence ( F) 2 min after initiation of apparent influx ( Ratio/ t or F/ t). Images were processed with Zen Pro software (Carl Zeiss Microscopy).
Label-free quantitative proteomic profiling
Nearly confluent N2a-apoE3 and N2a-apoE4 cells on 25-cm dishes were rinsed once with 10 mL of icecold PBS, scraped off the plate with 10 mL of fresh, ice-cold PBS, and pelleted at 1500 g for 10 min at 4 • C. The supernatant was decanted, and cells were rinsed by resuspension in 10 mL of fresh, ice-cold PBS, pelleted at 1500 g for 10 min at 4 • C, flash frozen on dry ice, and stored at -80 • C until all replicates were collected. Three independent sets of cultures were harvested separately but processed in parallel for LC-MS/MS analysis.
Cells were lysed by probe sonication on ice in a buffer composed of 8 M urea, 100 mM ammonium bicarbonate (pH 8.0), 150 mM NaCl, cOmplete Mini protease inhibitor cocktail (Sigma 11836153001), and phosphatase inhibitor cocktails 2 and 3 (Sigma P5726 and P0044). To reduce proteins, 4 mM TECP was added and lysates were incubated at 22 • C for 30 min. To alkylate cysteines, 10 mM iodoacetamide was added and lysates were incubated in the dark at 22 • C for 30 min. Alkylation was quenched by adding 10 mM dithiothreitol and incubating the lysates in the dark at 22 • C for 30 min. Proteins were digested overnight at 37 • C by adding trypsin (Promega) at a 1:100 enzyme:substrate ratio. Samples were acidified (pH 2) with trifluoroacetic acid and desalted in C18 SepPak cartridges (Waters).
Peptides were resuspended in 4% formic acid and 3% acetonitrile, and approximately 1 g was loaded onto a 75-m ID column packed with 25 cm of Reprosil C18 1.9-m, 120-Å particles (Dr. Maisch GmbH HPLC). Peptides were eluted into an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher) with an acetonitrile gradient (5-35% over 165 min) delivered by an Easy1000 nLC system (Thermo Fisher). All MS1 spectra were collected in the orbitrap, and the most abundant ions fragmented by higher-energy collisional dissociation were detected in the ion trap. All data were searched against the Mus musculus UniProt database. Peptide and protein identification searches and label-free quantitation were done with the MaxQuant [57, 58] data analysis algorithm, and all peptide and protein identifications were filtered to a 1% false-discovery rate. Label-free quantification and statistical analysis were done with MSstats [59] .
Enrichment of specific cellular pathways and associated functions in proteins whose levels increased or decreased significantly was determined by inputting lists of proteins into Gene Ontology analysis and KEGG pathway analysis with DAVID v6.7 [60] [61] [62] . Enrichment in genes putatively regulated by specific transcription factors was determined by using default settings in PASTAA and Pscan analyses [63, 64] . Briefly, lists of proteins significantly increased (501 ; GABP/Gabpa, GA binding protein (alpha) or nuclear respiratory factor 2; GC, general GC box recognition factors; HINFP, histone H4 transcription factor; KLF14, Krüppel-like factor 14; NRF1, nuclear respiratory factor 1; NRF2, nuclear factor erythroid-2-like 2; Tcfl5, transcription factor like 5. a Note that NRF2 refers to "nuclear factor erythroid-2-like 2" and not "nuclear respiratory factor 2," which is officially named GABP/Gabpa. b Note that for GA binding protein, Pscan lists only the DNA-binding alpha subunit while PASTAA lists GABP, the abbreviation for complete heterotetrameric factor.
proteins) or decreased (606 proteins) at a p < 0.01 threshold were queried together to identify the transcription factors most likely to drive the coordinated changes in protein expression in N2a-apoE4 cells. For each analysis platform, the 10 transcription factors most significantly associated with changes in protein expression are presented in Table 1 .
Data analysis
Values are presented as mean ± SD. Except for analyses of the unbiased proteomics described above, statistical differences between conditions were analyzed by t test, one-sample t test, or ANOVA with Holm-Sidak post-hoc analysis using Prism 7.03; p < 0.05 was considered significant.
RESULTS
ApoE4 expression alters the bioenergetics profile in neuronal cells
As shown by bioenergetic profiling with Seahorse, apoE4-expressing neuronal cells had significantly lower rates of basal and FCCP-stimulated respiration than apoE3-expressing cells (Fig. 1A) . In contrast, the basal glycolytic rate (estimated as the proton production rate) [56] showed that apoE4-expressing cells shift to glycolysis to meet energy demands under basal conditions (Fig. 1B) . Interestingly, the maximal glycolysis rate was similar in apoE3-and apoE4-expressing cells when glycolysis was stimulated by monensin and respiration was inhibited by antimycin A. Thus, it seems that despite enhanced glycolysis under basal conditions, apoE4-expressing cells cannot call upon greater glycolytic reserves during periods of high energy demand to compensate for their lower respiration rate.
Oxygen consumption and proton production rates reflect metabolism in intact cells but do not directly equate to ATP production. To better evaluate actual changes in rates of energy production and shifts in metabolism [55] , we estimated the ATP production rates attributable specifically to oxidative phosphorylation (OXPHOS) or glycolysis under basal and stressful conditions. ATP production rates by OXPHOS in apoE4 cells were 33% lower and were increased to a greater extent by glycolysis than in apoE3 cells (Fig. 1C) . The combined total ATP production rates under basal conditions were similar. However, under maximal stress stimulation of respiration with FCCP and stimulation of glycolysis with monensin and antimycin A, apoE4-expressing neurons, unlike those expressing apoE3, Fig. 1 . ApoE4 expression limits the bioenergetic capacity of neural cells. A) Respiration rates of N2a-apoE3 and N2a-apoE4 cells under basal and FCCP-stimulated conditions. B) Estimated glycolytic rates of N2a-apoE3 and N2a-apoE4 cells under basal and monensin-and antimycin A-stimulated conditions. C) ATP production rates calculated from mitochondrial and glycolytic rates under basal conditions in A and B. Total ATP production rate is the sum of OXPHOS and glycolytic rates for each cell line. D) Spare ATP production capacity for mitochondrial and glycolytic sources during maximal stimulation. E) Bioenergetic space plot of mitochondrial and glycolytic ATP production rates under basal, ATP-synthase inhibited (Oligomycin), respiration-stimulated (FCCP), or glycolysis-only stimulated (Monensin + Antimycin A) conditions. The dashed line marks the transition where cells generate over 50% of their ATP from OXPHOS (above dashed line) or from glycolysis (below dashed line). FCCP-stimulated ATP production rates are theoretically based on expected ATP from coupled mitochondria respiring at the same rate. A-E, values are mean ± SD (n = 6). * p < 0.05, * * p < 0.01, * * * p < 0.001, # p < 0.0001 versus N2a-apoE3 under same condition by t test. Mon, monensin; AA, antimycin A.
lacked spare capacity to generate significant ATP levels by OXPHOS and glycolysis (Fig. 1D) . In fact, the total reserve capacity was about 50% lower in apoE4-expressing cells.
As shown by bioenergetic space plots (Fig. 1E ) [55] , apoE4-expressing cells were more reliant on glycolysis under basal conditions than apoE3 cells; however, glycolytic ATP production by apoE3-and apoE4-expressing cells increased to comparable levels when mitochondrial ATP synthesis was blocked with oligomycin or when respiration was inhibited with antimycin A and monensin. Strikingly, when cells were stressed with FCCP, ATP production by glycolysis in apoE4-expressing cells was similar to that in apoE3-expressing cells, but ATP production by OXPHOS was markedly lower. Thus, apoE4-expressing cells appear to lack both the capacity to meet high levels of energy demand and the metabolic flexibility to respond to stress.
ApoE4 expression impairs cellular responses to metabolic stress
ATP levels were measured in the apoE3-and apoE4-expressing cells under basal and stimulated (stressed) conditions to determine whether the apoE4 metabolic inflexibility observed acutely (i.e., lack of spare respiratory capacity in Seahorse profiling) resulted in short-term (1 h) deficits in whole-cell energy level. Basal ATP levels were similar in apoE3-and apoE4-expressing cells in a luciferasebased assay (9.9 ± 2.2 versus 8.1 ± 3.1 integrated counts per cell, respectively) ( Fig. 2A) . Surprisingly, under conditions that prevent net ATP production by glycolysis (basal respiration only) [65] , apoE4-expressing cells maintained total ATP levels during the 1-h challenge, possibly by decreasing energy utilization or increasing reliance on glycogen stores. Under conditions that increase ATP demand by glycolysis and impair mitochondrial ATP production (stimulated glycolysis only), apoE3-and apoE4-expressing cells showed a similar partial loss of cellular ATP production. However, when the mitochondria were forced to produce ATP from pyruvate oxidation in the absence of glucose (stimulated respiration only), total ATP levels decreased markedly in both cell lines, but the apoE4-expressing cells had a small, but significantly greater deficit in energy levels ( Fig. 2A) . Evidently, apoE4 expression is associated with metabolic inflexibility under conditions of high-energy demand.
To examine the effects of apoE4 on metabolic inflexibility over a longer period, we examined the growth of apoE3-and apoE4-expressing cells (4, 24, and 48 h) under basal conditions and under conditions that restricted ATP production to mitochondria (Fig. 2B) . When forced to use mitochondria to generate ATP, both cell lines grew slower than under basal conditions, a response common in cells restricted to grow only on mitochondrial energy production [66] ; however, the slowing was significantly greater in the apoE4-expressing cells. Thus, apoE4 expression impairs mitochondrial energy production, leading to metabolic inflexibility and inability to respond to metabolic demand.
ApoE4 expression decreases the NAD + /NADH ratio, increases ROS production, and impairs mitochondrial Ca 2+ flux
Impaired mitochondrial respiration can alter NAD + and NADH levels in various ways, including slowing the oxidation of NADH by complex I [67] . We found that NADH was significantly higher, and NAD + was significantly lower, in apoE4-expressing cells, resulting in a lower NAD + /NADH ratio (Fig. 3A) . Interestingly, the total NAD + + NADH pool was smaller in the apoE4 cells, suggesting that apoE4 impairs NAD + synthetic capacity [68] . Impaired mitochondrial respiration is also associated with altered redox homeostasis and excess ROS production [69] . Intracellular ROS levels determined by CellROX assay were approximately twofold higher in apoE4-expressing cells (Fig. 3B) .
Ca 2+ is a key regulator of mitochondrial function, and excessive Ca 2+ uptake is linked to mitochondrial dysfunction [70] . Ca 2+ levels in the cytoplasm and mitochondria were measured with Fura-2 AM and Rhod-2 AM, respectively, in apoE3-and apoE4-expressing cells (Fig. 4) . The two cell lines did not Fig. 3 . ApoE4 expression decreases the NAD + /NADH ratio and increases ROS production. A) Total levels of NAD + + NADH, NADH, NAD + , and NAD + /NADH ratio in N2a-apoE4 cells under basal conditions relative to those in N2a-apoE3 cells (n = 5). One sample t test with theoretical mean at 100% (no change from level in N2a-apoE3 cells). B) Intracellular ROS levels in N2a-apoE3 and N2a-apoE4 cells stained with CellROX Orange (n = 3). Values are mean ± SD. * * p < 0.01, * * * p < 0.001 versus N2a-apoE3 under same condition (t test). A.U., arbitrary units. differ in basal cytosolic Ca 2+ levels (Fig. 4A ) or in overall Ca 2+ influx induced by extracellular Ca 2+ (Fig. 4B) . Although the cytosolic Ca 2+ level did not differ between apoE3-and apoE4-expressing cells at 8 min (Fig. 4C) , the rate of cytosolic Ca 2+ influx was twofold higher in apoE4 cells (Fig. 4D) . In contrast, in response to extracellular Ca 2+ , both the basal mitochondrial Ca 2+ level (Fig. 4E ) and the rate of Ca 2+ influx into mitochondria in response to extracellular Ca 2+ were much greater in cells expressing apoE4 (Fig. 4F, H) , culminating in twofold higher levels of mitochondrial Ca 2+ (Fig. 4G) . Thus, apoE4 cells regulate mitochondrial Ca 2+ differently from apoE3 cells.
To assess the effect of apoE4 on mitochondrial Ca 2+ handling, we treated the cells with thapsigargin, which induces Ca 2+ release from ER stores, increases cytosolic Ca 2+ , and facilitates mitochondrial Ca 2+ uptake at sites closely apposed to the ER membrane [71] . Cytosolic Ca 2+ influx after treatment with thapsigargin was not significantly lower in apoE4 than apoE3 cells (Fig. 4I, J) , but mitochondrial Ca 2+ influx was significantly greater in apoE4 cells (Fig. 4K) , resulting in nearly eightfold higher levels (Fig. 4L) . The initial lower cytosolic Ca 2+ influx coincided with the initial higher mitochondrial Ca 2+ influx in apoE4 than in apoE3 cells, suggesting that Ca 2+ released from the ER of apoE4 cells flowed more quickly into mitochondria, bypassing the cytoplasm. Thus, mitochondria in apoE4 cells have a higher resting level of Ca 2+ and accumulate Ca 2+ faster and to higher levels.
ApoE4 expression alters the neuronal proteome, mitochondrial OXPHOS subunits, and metabolic pathways
Label-free, quantitative proteomic profiling of whole-cell lysates from N2a-apoE3 and N2a-apoE4 cells by LC-MS/MS identified approximately 4500 distinct proteins (Fig. 5A) . Over one-third differed in their expression in apoE4 versus apoE3 cells; similar numbers of proteins were significantly increased or decreased (p < 0.05). According to the MitoCarta 2.0 database [72] , 654 proteins were specific to or associated with mitochondria. ApoE4 expression altered the levels of 44% of these proteins; similar numbers were significantly increased or decreased. Using the MitoMiner 4.0 database [73] and the Gene Ontology "Mitochondrion" category [74, 75] , we identified 953 proteins associated with mitochondria; the levels of 42% of those proteins were significantly changed by apoE4 expression, again with equal numbers increased and decreased (Fig. 5A) . Volcano plots of -log 10 (adjusted p-value) significance levels versus fold change in protein levels confirmed that there were both significantly higher and significantly lower levels of subsets of mitochondrial proteins in the apoE4-expressing cells (Fig. 5B) .
Gene Ontology [74, 75] and KEGG pathwayenrichment analyses [76] [77] [78] were used to identify pathways overrepresented by proteins whose levels were significantly decreased (Fig. 5C) or increased (Fig. 5D ) by apoE4 expression. These analyses revealed a diverse array of effects of apoE4 on cellular Fig. 4 . ApoE4 alters mitochondrial Ca 2+ handling in neuronal cells. A) Basal cytosolic Ca 2+ levels measured by Fura-2 AM in unstimulated N2a-apoE3 and N2a-apoE4 cells. B) Representative traces of Ca 2+ -induced increases in cytosolic Ca 2+ levels after bolus addition of CaCl 2 . C) Cytosolic Ca 2+ levels 8 min after CaCl 2 addition. D) Cytosolic Ca 2+ influx rate after CaCl 2 addition. E) Basal mitochondrial Ca 2+ levels measured as average fluorescence intensity of Rhod-2 AM dye in unstimulated N2a-apoE3 and N2a-apoE4 cells. F) Representative traces of Ca 2+ -induced increases in mitochondrial Ca 2+ levels after bolus addition of CaCl 2 . G) Mitochondrial Ca 2+ levels 8 min after CaCl 2 addition. H) Mitochondrial Ca 2+ influx rate after CaCl 2 addition. I) Representative traces of thapsigargin-induced changes in cytosolic Ca 2+ levels measured by Fura-2 AM. J) Cytosolic Ca 2+ levels 6 min after thapsigargin addition. K) Representative traces of thapsigargin-induced changes in mitochondrial Ca 2+ levels measured by Rhod-2 AM. L) Mitochondrial Ca 2+ levels 6 min after thapsigargin addition. Values are mean ± SD; four independent experiments; 25-40 individual cells per group were averaged for each independent experimental replicate. **p < 0.01, * * * p < 0.001, # p < 0.0001 versus N2a-apoE3 (t test). A.U., arbitrary units.
processes. Interestingly, mitochondrial processes and pathways were identified from the sets of proteins increased or decreased by apoE4. Broadly speaking, in addition to mitochondrion and mitochondrial inner membrane proteins, pathways enriched with proteins significantly increased by apoE4 were strongly related to RNA-related processes, whereas pathways and processes enriched with proteins significantly decreased by apoE4 were heavily involved in OXPHOS, including ATP binding, ATP metabolic processes, ATP synthesis, and metabolism.
We next examined proteomic data for insights into the effects of apoE4 expression responsible for the mitochondrial dysfunction and metabolic inflexibility revealed by the bioenergetic profiling studies (Figs. 1-3 ). ApoE4 altered a wide range of proteins involved in OXPHOS, redox homeostasis, and glucose and amino acid metabolism (Fig. 6) . Fig. 5 . ApoE4 expression has widespread effects on the proteome of neuronal cells. A) Summary of total, mitochondria-specific, and mitochondria-associated proteins shown by LC-MS/MS to be significantly altered in N2a-apoE4 versus N2a-apoE3 cells. Total proteins detected are those accurately mapped to unique proteins in N2a-apoE3 or N2a-apoE4 cells. Mitochondria-specific proteins are those mapped to proteins in the MitoCarta 2.0 database. Mitochondria-associated proteins include additional proteins in the MitoMiner 4.0 database and the Gene Ontology "Mitochondrion" category (GO Mitochondrion ). Changed proteins were those whose levels differed (p < 0.05) between N2a-apoE4 and N2a-apoE3 cells. B) Volcano plot of all proteins detected in N2a-apoE3 and N2a-apoE4 cells. -Log 10 (p-value) greater than 14 (p = 0 in analysis of the proteomics data set) were arbitrarily assigned a value of 15. C) Bar plot of Gene Ontology and KEGG pathways enriched in proteins that were significantly decreased in N2a-apoE4 cells. D) Bar plot of Gene Ontology and KEGG pathways enriched in proteins that were significantly increased in N2a-apoE4 cells.
Selected proteins that were significantly increased or decreased are highlighted below for their roles in glycolysis, cytosolic-mitochondrial redox regulation, and mitochondrial intermediary metabolism.
Previously, we reported deficits in single subunits of each of the OXPHOS complexes in the apoE4-expressing neuronal cells [18] . To establish that the deficits in mitochondrial respiration and ATP production in apoE4-expressing cells were associated with impairments in the OXPHOS system, we analyzed the levels of the subunits in all five OXPHOS complexes by proteomics. A total of 65 subunits plus cytochrome c were detected (Fig. 7A) . Remarkably, the levels of all 33 subunits altered by apoE4 were significantly decreased (p < 0.05), as was the level of cytochrome c. Most strikingly, the levels of all 12 subunits detected in complex V (ATP synthase) were decreased, some by greater than 50% (Fig. 7B) . Fig. 6 . ApoE4 disrupts protein expression in both cytosolic and mitochondrial metabolic pathways. Proteins involved in glycolysis, redox homeostasis, and intermediary metabolism whose expression was significantly altered by apoE4. Bar colors indicate p values for differences in expression levels between N2a-apoE4 and N2a-apoE3 cells.
The increased Ca 2+ flow from the ER to mitochondria in apoE4 cells (Fig. 4) may reflect a tighter coupling between these organelles [79] , whose association is mediated by tethering proteins that define zones referred to as MAM (Fig. 8A) . To explore whether the increased Ca 2+ transport from the ER to mitochondria in apoE4 cells was associated with molecular changes in MAM components, we analyzed the levels of MAM tethering proteins in the proteomic data set. Of six detected tethering proteins, the levels of five were increased in apoE4-expressing cells and the level of one (GRP75) was decreased (Fig. 8B) . We also detected increases in many other mitochondrial components in apoE4 cells, including proteins involved in mitochondrial morphology (fusion/fission; cristae formation), protein import (TOM/TIM complexes and assembly), protein maturation and degradation (proteases), and mitochondrial protein synthesis (ribosomal subunits) (Fig. 9) . Fig. 7 . ApoE4 disrupts all five complexes of the mitochondrial OXPHOS system. A) Summary of subunits detected in all five respiratory complexes and the number that were significantly altered (p < 0.05) in N2a-apoE4 versus N2a-apoE3 cells. B) ApoE4 significantly affected the assembly of respiratory subunits. Bar colors indicate p values for differences in expression levels between N2a-apoE4 and N2a-apoE3 cells.
To determine which regulatory pathways help compensate for apoE4-induced mitochondrial dysfunction, we used Pscan [64] and PASTAA [63] to identify transcription factors that may coordinate the changes in protein levels in apoE4-expressing cells (Table 1) . Both analyses highlighted transcription factors that regulate the expression of mitochondrial genes and genes related to metabolism and redox homeostasis. 
DISCUSSION
ApoE4 disrupts the mitochondrial respiratory chain
In this study, we used bioenergetic profiling and proteomic analysis to characterize in detail the effects of apoE4 expression on mitochondrial function and cellular metabolism. We found that mitochondrial respiration and OXPHOS-dependent ATP production are impaired in apoE4-expressing cells, being 40-50% lower than in apoE3-expressing cells. Glycolysis was enhanced in apoE4 cells under basal conditions; however, the glycolytic rate and ATP production were insufficient to maintain total cellular energy under conditions of high metabolic demand. As a result, apoE4-expressing neuronal cells were more severely affected by stress. Associated with the impaired mitochondrial activity were a decreased NAD + /NADH ratio and increased levels of mitochondrial Ca 2+ and cellular ROS. Proteomic analysis revealed a remarkable reduction in the levels of 50% of detected subunits of mitochondrial respiratory complexes I-V; none were increased. There Fig. 9 . ApoE4 alters the expression of proteins linked to mitochondrial morphology and the import, synthesis, maturation, and degradation of mitochondrial proteins. Mitochondrial proteins involved in mitochondrial morphology (fusion/fission), cristae formation (MICOS), protein import (TOM/TIM complexes and assembly), protein maturation and degradation (proteases), and mitochondrial protein synthesis (ribosomal proteins) that were significantly altered in N2a-apoE4 cells. Bar colors indicates p values for differences in expression levels between N2a-apoE4 and N2a-apoE3 cells.
were also alterations in a wide range of proteins involved in glycolysis, redox regulation, and intermediary metabolism; in mitochondrial morphology; and in the import, synthesis, and degradation of mitochondrial proteins.
The pronounced reduction of multiple subunits in respiratory complexes I-V provides insights into how apoE4 disrupts respiration and ATP production and more clearly reveals the breadth of the effects of apoE4 on the respiratory chain than previously observed by western blotting for single subunits. This broad influence of apoE4 on OXPHOS machinery could serve as a model system to explore the essential subunits required for assembly and processes required for normal function. Respiratory complexes consist of 13 subunits encoded by mitochondrial DNA and 78 encoded by nuclear DNA [80] . Normal respiration requires the coordinated production of subunits for proper assembly into functional complexes [81] . Our proteomic analysis showed that apoE4 decreased the levels of 33 of 64 detected subunits, undoubtedly altering complex assembly. Previously we showed that apoE4 decreases levels of cytochrome c oxidase 1 (COX1) [18] , a mitochondrially encoded subunit that initiates complex IV assembly [82] . COX1 depletion results in defective assembly, and delivery of nuclear-encoded subunits reduces COX1 levels and also disrupts assembly [82] [83] [84] [85] [86] [87] .
Additional subunits also affect the assembly and function of multiple complexes. For example, COX7a has a critical role in stabilizing complexes III and IV [39] and is significantly decreased in apoE4-expressing neurons. Several hundred proteins are required for delivery of subunits to the inner mitochondrial membrane, coordination of subunit levels, and final assembly of respiratory complexes. For example, complex IV assembly requires the MITRAC assembly complex, a central component of which, MITRAC12, was reduced by 47% in apoE4-expressing cells (p < 1 × 10 -9 ). Therefore, even if the interaction of apoE4 with mitochondria disrupts just a few critical assembly factors or subunits, it might cause the widespread depletion of functional complexes, impaired respiration, and the reduced ATP levels we observed in our cells. Likewise, the profound effect on all detected subunit levels in complex V (ATP synthase) would disrupt mitochondrial ATP production. Thus, the altered stoichiometry of respiratory complex subunits could adversely affect various aspects of mitochondrial activity.
ApoE4 has widespread effects on neuronal cell metabolism
Our proteomic analyses also shed light on apoE4-induced changes in metabolism (Fig. 6 ). For example, the levels of all glycolytic enzymes in apoE4-expressing cells that differed from the levels in apoE3-expressing cells were lower in the apoE4 cells. Interestingly, TIGAR, an enzyme that negatively regulates glycolytic activity [88, 89] , was also decreased significantly, perhaps to enhance glycolytic activity in the context of mitochondrial dysfunction and reduced levels of glycolytic enzymes. Regardless, glycolysis in apoE4 cells was insufficient to compensate for the impaired mitochondrial ATP production during metabolic stress.
The shift toward a lower NAD + level and a higher NADH level in apoE4-expressing cells may reflect impaired respiration, resulting in NADH build-up in the mitochondrial matrix as electron transport stalls in the apoE4-expressing cells. However, our proteomics analysis suggests effects on other factors that control the NAD + /NADH pool. For example, there were significant alterations in NADH shuttle components (components of both malate-aspartate and glycerol phosphate shuttles), NAD(P)-dependent metabolic enzymes [NAD(P)-dehydrogenase (which converts NADH into NADPH)], numerous cytosolic and mitochondrial antioxidant enzymes, and the NAD synthetic enzyme NAMPT (Fig. 6) . It remains to be determined whether the phenotypes in apoE4-expressing cells can be mitigated by augmenting total NAD(H) levels with NAD + precursors such as nicotinamide riboside [90] or by expressing a targeted alternative NADH-oxidase to restore the mitochondrial NAD + /NADH ratio [91] .
Our results suggest that apoE4 disrupts the metabolism of glycolysis-derived pyruvate by pyruvate dehydrogenase (PDH). Indeed, levels of both E1 subunits of PDH in apoE4 cells were reduced by 20%. Since PDH deficiency limits respiratory capacity and causes lactic acidosis in humans [92] , impaired PDH activity might be partly responsible for the respiratory deficits in apoE4 cells. In contrast, many other mitochondrial matrix enzymes, including those involved in the tricarboxylic acid cycle and in amino acid and ketone body metabolism, were significantly increased in apoE4-expressing cells (Fig. 6 ). This induction of specific enzymes likely accommodates altered metabolite fluxes in response to slowed respiration and NADH build-up. Tracing studies with radiolabeled metabolites would help determine the precise metabolic adjustments made by apoE4-expressing neurons and identify important nodes that could be therapeutically targeted to prevent stress-or age-related decline in apoE4 patients.
ApoE4 is associated with increased ER-mitochondria tethering and excessive mitochondrial Ca 2+ accumulation
Our findings on Ca 2+ fluxes imply that mitochondrial Ca 2+ overload in apoE4-expressing neurons promotes mitochondrial impairment and neurodegeneration. Live-cell imaging showed an increase in mitochondrial Ca 2+ and faster mitochondrial Ca 2+ uptake during thapsigargin-induced Ca 2+ release from the ER. Ca 2+ in the ER is released through channels such as inositol 1,4,5-trisphosphate receptors (IP3R) and ryanodine receptors (RyR). Extramitochondrial Ca 2+ enters the mitochondria via outer membrane voltage-dependent anion channels (VDACs) and the mitochondrial Ca 2+ uniporter on the inner membrane [71] . Furthermore, thapsigargininduced Ca 2+ transfer from the ER to mitochondria depends on IP3R in the ER and VDACs on the outer mitochondrial membrane [93, 94] . IP3R and VDACs are MAM components that tether the ER to mitochondria through the molecular chaperone GRP75 [95] . Other important MAM tethering proteins are B-cell receptor-associated protein 31, mitochondrial fission 1 protein [96] , and mitofusin [97] . Remarkably, levels of all of these MAM proteins except GRP75 were significantly increased in the apoE4 cells (Fig. 8) . Increased expression of mitofusin enhances the interaction between VDAC1 and IP3R [98] .
Besides controlling Ca 2+ flux, MAM participate in lipid synthesis, membrane stability, mitochondrial dynamics, and ROS signaling [99] [100] [101] . Increased expression of MAM proteins enhances tethering between the organelles and modulates connectivity/conductivity [102] . Increased tethering may be associated with neurodegeneration, including the risk of AD [103] . Increased ER-mitochondrial interactions increase MAM activity in neurons treated with conditioned medium from apoE4-but not apoE3-expressing astrocytes [104] . Thus, the increased levels of MAM proteins in apoE4-expressing cells might reflect increased tethering that is associated with the increased Ca 2+ flux and increased ROS production we observed.
ApoE4 cells adapt to impaired mitochondrial respiration by coordinated changes to other mitochondrial pathways
Numerous proteins linked to mitochondrial morphology and to the synthesis, import, maturation, and degradation of mitochondrial proteins were also coordinately changed in apoE4 cells, with most proteins in these pathways showing increased expression (Fig. 9) . Fission/fusion processes help modulate mitochondrial function in both normal and pathological conditions [105] . Levels of four major proteins directly involved in mitochondrial dynamics were significantly increased by apoE4 expression, as shown by proteomics analyses. Also increased were levels of the translocases of both the outer and inner mitochondrial membrane (the TOM and TIM complexes), which control the delivery of cytosolic proteins to the mitochondria, and three of four TOM-associated factors [106] . These changes could reflect an attempt to restore normal mitochondrial function. ApoE4 expression also altered the mitochondrial cristae-organizing system, which stabilizes the cristae junction between the inner and outer membranes. In concert with mitochondrial proteases, which respond to altered mitochondrial protein stoichiometry [107] , apoE4 also affects respiratory complex formation [108] . Interestingly, the levels of all mitochondrial ribosomal proteins [109] detected by proteomics were increased. These changes in factors involved in mitochondrial morphology, biogenesis, and quality control may compensate for the large-scale apoE4-induced decreases in OXPHOS complexes.
Our unbiased analyses to predict which transcription factors might control the proteomic changes in apoE4 cells identified a surprising number of factors known to influence mitochondrial biogenesis and regulate the expression of additional metabolismand redox-related genes. These factors, including nuclear respiratory factor 1, nuclear factor erythroid-2-like 2, GA binding protein (nuclear respiratory factor 2), and Sp4 [110] [111] [112] [113] [114] directly and indirectly control the expression of respiratory chain subunits encoded by nuclear and mitochondrial DNA [110, 115, 116] . Additionally, several of the transcription factors identified are implicated in neurodegeneration, including nuclear respiratory factor 1 [117, 118] , nuclear factor erythroid-2-like 2 [110, 111] , ETS domain-containing protein Elk-1 [119] , Kruppel-like factor 14 [120] , and Sp4 [121] . These analyses provide important clues as to which factors underlie neuronal adaptation to apoE4 expression. Augmenting beneficial adaptations may be a new strategy to prevent apoE4-associated cognitive decline.
Conclusion
Our results shed light on the extensive metabolic rewiring associated with apoE4-induced mitochondrial dysfunction. Despite various adaptations, apoE4-expressing neuronal cells remained vulnerable to adverse metabolic events. Judging from the broad effects of apoE4 on the respiratory complexes, we propose that mitochondrial-associated apoE4 disrupts the balance of core subunits of the respiratory complexes to prevent complete maturation of assembled complexes in the inner mitochondrial membrane. The initiating event may involve disruptions in the production/delivery of OXPHOS subunits and the assembly of the OXPHOS complexes. Systems biology approaches integrating mRNA expression profiling, mapping of protein-protein interactions, metabolite tracing, and functional genetic screens will be important for uncovering the upstream drivers of apoE4-induced metabolic dysregulation in neurons. We hypothesize that the interaction between mitochondria and the neurotoxic fragments generated by neuron-specific proteolysis of apoE4 [7, 10, 12] contributes to the detrimental effects of apoE4 and mitochondrial dysfunction. Our results highlight the need to continue studying the cell-autonomous effects of apoE4-induced metabolic dysfunction, with the goal of identifying metabolic targets that might be explored to correct or prevent apoE4-associated neuropathology, including AD.
